We report initial results of daily delay/Doppler observations of
INTRODUCTION
Asteroid 4179 Toutatis, formerly designated 1989 AC, was discovered by C. Pollas, J.-L. Heudier, R. Chemin, and A. Maury on 1989 Jan. 4 at Caussols, France (Marsden 1989a (Marsden ,b, 1990 . The asteroid's orbit (a = 2.51 AU, e = 0.64, i = 0.46
• ) has the lowest orbital inclination of any known Earth-crossing asteroid except for 1998 MZ (i = 0.13
• ). It is currently in a 3:1 mean-motion resonance with Jupiter (Marsden 1989c , Milani et al. 1989 , which provides a dynamical pathway for transfer of material from mainbelt orbits near the 3:1 Kirkwood gap into Earth-crossing orbits on time scales of order 10 6 years. Marsden (1970) noted that objects in the 3:1 resonance with Jupiter are prone to enter a temporary 1:4 resonance with Earth, leading to a series of close approaches 4 years apart; Toutatis is doing this now. Toutatis' orbit is one of the most chaotic studied to date (Whipple 1995, Whipple and Shelus 1993) , a consequence of the asteroid's frequent close approaches to Earth. There is a broad consensus that Toutatis is in the S taxonomic class (Tholen and Spencer 1992 , Howell et al. 1994 , Lazzarin et al. 1994 , Lupishko et al. 1995 , Mukai et al. 1997 . Note. DOY is day of year, RA is right ascension, Dec is declination, and RTT is echo roundtrip time delay in seconds (equal numerically to the approximate distance in 10 −3 AU). Entries are for the middle of each date's observations, during which sky motion was no more than 2 • .
Delay-Doppler radar imaging during Toutatis' Dec. 1992 close approach (to within 0.024 AU, or 9.4 lunar distances) provided information that is unprecedented for an Earth-crossing object ; see also Zaitsev et al. 1993) . Hudson and Ostro (1995, hereafter HO95 ) used a comprehensive physical model to invert the lower-resolution images to estimate the asteroid's detailed shape and inertia tensor, initial conditions for the asteroid's spin and orientation, the radar scattering properties of the surface, and the delay-Doppler trajectory of the center of mass. They found that Toutatis is rotating in a long-axis mode characterized by periods of 5.4 days (rotation about the long axis) and 7.4 days (average for long-axis precession about the Note. The unaliased frequency window, Band, the frequency resolution, f , the number of incoherently summed coherent integrations (looks) per data record, and the time per data record are given for each setup. The time resolution (baud, t) and code repetition period RP are given for the three time-resolved setups, each of which used a 255-element binary-phase code and a 256-point FFT. NCOH is the number of RP-long time series of voltage samples coherently summed after decoding. Fourier analysis of an RP-long time series of voltages within any given range cell produces a power spectrum, and repetition of that process for each range bin produces a delay-Doppler image that is referred to as one look. angular momentum vector). The inertia tensor is indistinguishable from that of a homogeneous body, and dimensions along the principal axes are within 0.10 km of 1.92, 2.40, and 4.60 km.
The late 1996 approach (Table I ) was 50% further than that in 1992. However, prior knowledge of the object's ephemeris and physical characteristics (and the predictability of the progression of Toutatis' delay-Doppler signature ) greatly simplified the 1996 observations. We carried out nine consecutive days of delay-Doppler and Doppler-only measurements, increasing the radar time base from 3 weeks to 4 years and thereby permitting significant refinements in our knowledge of the asteroid's orbit, spin state, shape, and radar scattering properties. Here we describe the 1996 experiment. We use the HO95 model to refine estimates of the orbit and spin state and to normalize our radar cross sections, thus defining the asteroid's radar reflectivity, which has implications for the object's surface properties. (The high-resolution images from 1992 and 1996 are being used to produce a high-resolution shape model that will be reported later.) Throughout this paper, unless otherwise noted, stated uncertainties are estimated standard errors and are intended to include systematic effects. Table II describes our radar setups and Table III lists the observations performed on each date. Part of our experiment used continuous-wave (cw) transmissions and produced echo power spectra, which can be thought of as one-dimensional (Doppleronly) images, or brightness scans across the target through a slit parallel to the apparent spin vector. Over the past decade we have found that at Goldstone, cw data can be more reliably Note. This table lists all useful data sequences during the 1996 Goldstone observations of Toutatis. DOY is day of year. For each sequence we give the polarization(s) received in channel 1 (or 1 and 2), the OSOD orbit/ephemeris solution identification number (see Section 3), the start-midpoint-stop times of data reception, the average transmitter power, the receiving antenna (DSS-13 or DSS-14), and the km/Hz conversion factor based on our refined estimates of spin state parameters (Table VII) . File identification numbers are given for delay-Doppler (ranging and imaging) setups (Table II) , which are identified by their delay resolution ( t). For these files, we give the setup's pixel dimensions in meters, the total number of looks (N ) in the file, and the following additional information. The column labeled TXOFFSET lists transmitter offsets inserted to reposition echoes in frequency (with respect to the FFT's zero-frequency element) or in "range" bins (RBIN); EPH BIN is the bin in the range code (the first bin is No. 1) that consequently would contain echo from Toutatis' COM if our ephemeris were perfect. Figure 1 shows sums of images in files flagged by a single asterisk and Fig. 4 shows sums of images in files flagged by two asterisks.
OBSERVATIONS
calibrated than delay-Doppler data. (With the exception of the brief cw run that produced the initial radar echo from Toutatis, at Goldstone on Nov. 27, 1992, no Goldstone or Arecibo cw observations were done during that apparition.)
Our goal in doing cw work was to measure the asteroid's radar cross sections in the same circular polarization as transmitted (the SC sense) and in the opposite (OC) sense. During the observations, OC and SC echo power spectra were formed simultaneously, with each of two data-acquisition systems that operated in parallel: an IBM system that had been used for several years and a new VME system that was just being debugged. We took about 10 min of cw data daily. The cw setups were designed to place only a handful of cells on Toutatis, because coarser frequency resolution led more rapidly to Gaussian noise statistics (desirable for clean background removal and accurate normalization), and because the goal of our cw runs was to obtain accurate disc-integrated radar cross sections, not spatial resolution.
During the cw runs, the transmitter was switched between two frequencies, and the data collected were sorted into two corresponding groups of power spectra and then summed. Each sum had echo at a different frequency, so either sum contained a sample of the echo-free noise background at the frequency of the other sum's echoes. Such a "frequency-hopped" data set permits reliable background removal and data normalization. Problems with calibration and our data-tagging protocol afflicted the cw observations on our first two dates, but we have confidence in the last seven dates' cw results.
Most of our observations used a time-modulated waveform to obtain resolution in time-delay as well as Doppler frequency. The result is a two-dimensional image that cuts the target with two orthogonal sets of parallel planes; one set is parallel to the plane of the sky (POS), and the other set is parallel to the plane that contains both the target's apparent spin vector and the radar. Each delay-Doppler observation used a repetitive, binary-phase-coded cw waveform (e.g., Ostro 1993 and references therein) with a 255-element code and one of four time resolutions, or "bauds" ( t = 11, 10, 1, or 0.125 µs; Table II ). Our daily high-resolution imaging setup had pixel dimensions 0.125 µs × 33 mHz. The most important steps in real-time processing of digitized samples of the received signal's voltage were decoding via cross-correlation with the transmitted code and spectral analysis with a fast Fourier transform of length LFFT = 256. This procedure produced 256 × 255 arrays of echo power. Each array's unaliased frequency window equals 1/(RP × NCOH), where the code repetition period, RP = 255 t, defines the waveform's time-delay window, and NCOH is the number of RP-long time series of decoded voltage samples that were coherently summed prior to Fourier analysis. A power spectral estimate for each delay cell is obtained from coherent analysis of TCOH = RP × NCOH × LFFT seconds of data; we refer to such an image as one look. Spectral estimation noise is χ 2 distributed and the fractional rms fluctuation in a sum of N looks is 1/ √ N ; echo "self-noise" dominates receiver noise in our images. Thus, fine frequency resolution requires long coherence time TCOH, and low noise requires incoherent summation of many looks. However, long integrations are undesirable if the resolution is degraded by smearing from either the target's rotation or its translational motion with respect to the delay-Doppler prediction ephemeris, which is used to drift the sampling time base to maintain coregistration of echoes from any given range bin, and to tune the receiver to the Doppler-shifted echo. The Dopplerprediction error ν eph defines the rate of change of the delayprediction error τ eph and hence the rate of delay smearing,
where F TX is the transmitter frequency. For Toutatis, with a ponderously slow rotation and thus a very narrow echo bandwidth, long coherent and incoherent integrations are needed to achieve fine Doppler resolution and small noise fluctuations. Therefore very accurate Doppler-prediction ephemerides are required and, as described below, refining our ephemerides was a primary objective during the first three observation days.
In 1992, the single Goldstone cw run and 6-cm YevpatoriaEffelsberg observations (Zaitsev et al. 1993 ) revealed that Toutatis' OC echoes are several times stronger that its SC echoes, and some coarse-resolution Arecibo images hinted that OC and SC delay-Doppler images do not look very different. In 1996 we used our high-resolution setup to do OC imaging daily, SC imaging on 2 days, and simultaneous SC and OC imaging on 2 days (Table III) .
All our observations used Goldstone's 70-m antenna, DSS-14, for transmitting a signal with nominal frequency 8510 MHz (X-band, λ = 3.52 cm). The Goldstone radar system is described by Priest (1993) ; see Fig. 1 of Ostro et al. (1996) for a summary block diagram.
On the first day, our initial setups (cw, 10-µs ranging, and 11-µs ranging) alternated DSS-14 between transmitting and receiving configurations every roundtrip time (45 s). After these single-antenna, "monostatic" runs we did some 10-µs runs in a bistatic mode, transmitting continuously from DSS-14 and receiving continuously at DSS-13, a 34-m antenna 22 km away. The combination of short roundtrip time delays (Table I ) and the enormous strength of the echoes made the bistatic mode preferable for this experiment, and it was used for the rest of our observations. At DSS-13, the output from the front end amplifier, a low-noise maser, is tuned continuously to remove the predicted Doppler shift and the signal is converted down to a 50-MHz intermediate frequency, which is sent over a fiber-optic cable to DSS-14, where it is processed as in monostatic observations. The signal propagation time from DSS-13 to DSS-14, 138.187 µs, is taken into account by the data-acquisition system that defines the coordinate system for delay-Doppler power arrays, which are accumulated in real time. Figure 1 shows summed images from the nine OC files (one from each date; see Table III ) used in the analyses discussed in the next two sections. These files were obtained bistatically with the high-resolution setup in Table II and contain between 11 and 200 looks.
ASTROMETRY AND ORBIT REFINEMENT
With any repetitive "ranging" waveform, the time-delay correction to the ephemeris is determined modulo the RP. The RP of each of our long-baud setups was an order of magnitude larger than the a priori delay uncertainty before our experiment began (115 µs), and together those setups completely eliminated any ambiguity in our delay measurements on the first observation day. Thereafter, even the short-baud RP was large enough to eliminate any ambiguity.
Our delay/Doppler/pointing prediction ephemerides were generated at Goldstone with JPL's On-Site Orbit Determination program (OSOD). On the first day (Nov. 25), we measured +5-Hz and +63-µs corrections to orbit OSOD-50 and incorporated those results in calculation of a new orbit solution, OSOD-53. On the second day, we measured 0-Hz and −8.75-µs corrections to OSOD-53 and generated a new solution, OSOD-57. On the third day, we measured 0-Hz and −0.25-µs corrections to solution 57 and built a new solution (59). However,
FIG. 1.
High-resolution delay-Doppler images from each observation date (see Table III ) and corresponding plane-of-sky (POS) appearance of Toutatis. Each image is a sum of all looks in the indicated file. Gray scales have been chosen to emphasize brightness contrast. The cross-hairs are 5 km long and centered on Toutatis' center of mass. The radar images are plotted with time delay (range) increasing from top to bottom and Doppler frequency (radial velocity) increasing from left to right. The km/Hz conversion factors in Table III have been used. In the POS images, the HO95 model is rendered with a Lambertian scattering law, with the viewer and illumination source colocated. The cross-hairs are aligned north-south and east-west on the plane of the sky. In each POS frame, the arrow is parallel to the POS projection of the instantaneous spin vector. Note. Astrometry corresponds to 8510-MHz transmission from DSS-14, reflection from Toutatis' COM, and reception at DSS-13. Each antenna's reference point is the intersection of the azimuth and elevation axes. Residuals are with respect to OSOD Solution 66 (Table V) . The range equivalent of 1 µs is 150 m and the radial velocity equivalent of 1 Hz is 18 mm s −1 .
the differences between solutions 59 and 57 for the balance of our experiment were never as large as 1 µs (75 m) or 0.02 Hz (0.4 mm/s). Since that Doppler error would cause delay smear of less than 0.05 µs (8 m) over the longest remaining Goldstone track, we stayed with solution 57. The largest absolute values of corrections to OSOD-57 during the last 6 days were 0.02 Hz and 1.7 µs. Our high-resolution sequences (Table III) , which used bauds of 0.125 µs (19 m), are smeared in range by 3 m or less. Table IV lists delay-Doppler astrometry from each day of the 1996 experiment. Radar astrometry is best referred to echoes from the target's center of mass (COM). We identified the COM pixel in each of the 1996 images by fitting to them image templates based on the HO95 model. (The cross-hairs in Fig. 1 are centered on the COM.) Those measurements, along with optical astrometry and 1992 radar astrometry, yield orbit solution OSOD-66 (Table V) . Integration of that orbit forward and back- Note.Toutatis' heliocentric orbital elements and formal 3-standard-deviation uncertainties (in parentheses, in units of the last decimal place), estimated using our radar astrometry (Table IV) , the radar astrometry reported by Ostro et al. (1995) , and 588 optical astrometric observations from 1988 through March 1997. Elements are in the coordinate frame of the JPL planetary ephemeris DE-405 (ICRF93/J2000, a quasar-based radio frame, generally within 0.01 arcs of the optical FK5/J2000 frame). Angular orbital elements are referred to the ecliptic and mean equinox of J2000. Weighted rms residuals are 0.98 arcs, 0.10 Hz (1.8 mm s −1 in radial velocity) and 0.49 µsec in time delay (73 m in range).
ward in time reveals the close planetary approaches in Table VI . The 3-σ uncertainties in the 1992 and 1996 close-approach distances are less than three times the range resolution (19 m) of the radar setups used in those years. The 3-σ uncertainty in the 2000 close-approach distance is about 1/4 of Toutatis' shortest overall dimension.
Positional uncertainties increase away from the decade spanned by the astrometric data set because of a combination of factors. There is a three-dimensional probability density function associated with any predicted position, and the locus of a given probability density can be thought of as a surface whose shape generally can be approximated by an ellipsoid. A linearized covariance mapping or Monte Carlo simulations can be used to approximate the evolution of possible trajectories, and one can think of, say, the 3-σ error ellipsoid as bounding the set of possible trajectories at the 3-σ level (e.g., Muinonen 1996 Muinonen , 1998 . As time passes, members of the set of possible trajectories diverge from each other because of errors in the initial conditions (position and velocity vectors) and because of uncertainties in the varying gravitational environment. This gravity gradient effect across the ellipsoid is exaggerated at any close approach, so the ellipsoid swells at those times-hence the rapid enlargement of uncertainties beyond the very close approaches in 1376 and 2069. The ellipsoid expands even more after the very close approach in 2562; the distance uncertainty for a Mars approach in 2570 is several AU.
The long-term danger of asteroid collisions with Earth has begun to attract attention. In this context, we note that the uncertainty in a close-approach distance is a one-dimensional statistic that is not sufficient for calculation of a collision probability, which is a three-dimensional problem (Yeomans and Chodas 1994) , a solution of which can be visualized as follows. Imagine that the probability density function is an extended gaseous cloud of probability whose integral is unity, and that at a close approach, the cloud is "deposited on" the plane that contains the Note. Close approaches to within 0.1 AU of inner Solar System bodies, along with 3-σ uncertainties in the close-approach distance. (Toutatis is at least 1 AU from Jupiter throughout this period.) These formal uncertainties may underestimate true uncertainties by factors of several for encounters centuries away from the present. The error distribution is symmetrical for all close approaches listed here except for the 2562 approach, for which it is highly asymmetrical. The final column gives the uncertainty ellipse that intersects the center of the planetary body, in sigmas; note that the 10000-σ uncertainty ellipse does not encompass the planetary body for any of these close approaches. Toutatis' collision probability with any planet is zero throughout this period. See text.
asteroid-Earth line and is normal to the asteroid's geocentric velocity, so that plane is "painted" with probability whose integral is unity. The error ellipsoid then becomes an error ellipse which represents the marginal probability density function describing the probability that the object will at some time pass through a given point on the impact plane. Earth's intersection with this plane is a circle, and to first order, the probability of Earth impact is computed simply by integrating the marginal probability density function over the area of this circle. For each approach in Table VI , we find that Toutatis' collision probability is zero.
It is interesting that Toutatis' Sep. 29, 2004, approach to 0.01 AU (4.0 Earth-Moon distances) is the asteroid's closest approach to any planet during a time period longer than a millennium, with the next closer approach (0.0036 AU) not until 2562. Also note the curious pre/post-1992 asymmetry in the frequency of Mars and Venus close approaches.
REFINEMENT OF SPIN STATE
The HO95 Toutatis model has a shape defined by 3196 triangular surface facets and a scattering law with parameters for the angular dependence and the strength of the surface's radar brightness. The non-principal-axis spin state is specified by eight parameters: the Euler angles that define the asteroid's orientation with respect to ecliptic coordinates at a specified epoch, the projections of the spin vector along the principal axes of inertia at that epoch, and the ratios of the short-and intermediate-axis moments of inertia to the long-axis moment. Using the 1995 shape Note. Toutatis' rotation is specified by the tabulated initial conditions. At the epoch t 0 , the Euler angles (φ 0 , θ 0 , ψ 0 ) give the initial orientation of the principal axes of inertia with respect to ecliptic coordinates. The evolution of that orientation is defined by the projections of the instantaneous spin vector W along the short, intermediate, and long principal axes (ω 0s , ω 0i , ω 0l ), and the ratios of principal moments of inertia with respect to those axes. The uncertainties are conservative estimates based on simulations with the HO95 model. Compared to the HO95 spin state, the uncertainty in the three initial angles stays the same, but the uncertainties in the spin vectors and moment ratios decrease by an order of magnitude. The spin state parameters define the direction of Toutatis' angular momentum vector as ecliptic longitude, latitude = 180
model to analyze the large set of optical lightcurves presented by Spencer et al. (1995) , Hudson and Ostro (1998) estimated the asteroid's Hapke (1993) parameters and also obtained a slight refinement of the spin state.
In our analysis of the 1996 radar images, we held the HO95 shape model and radar scattering properties constant while adjusting the spin state parameters. We began by examining fits to the 1996 images using both the original "radar-only" spin state (HO95) and the "radar + optical" spin state (Hudson and Ostro 1998) . We found that the lightcurve-refined spin state did considerably better in predicting the orientational sequence displayed in the 1996 images. Incorporating those images in the least-squares solution reduces uncertainties in the initial spin vector components and the moment ratios by an order of magnitude. Table VII shows the resultant spin-state parameters along with uncertainties estimated by randomly perturbing the spinstate parameters by various amounts and observing the effect on the fits. In Fig. 1 , each delay-Doppler image is accompanied (Table VI) , predicted using the spin state in Table VII . The HO95 shape model is rendered with a Lambertian scattering law, with the viewer and illumination source colocated in (a) geocentric and (b) inertial frames. The sequence in (a) shows the appearance of the asteroid on the plane of the sky (POS), with north toward the top. Time increases from left to right and from top to bottom in 6-h increments between frames, so each row of four frames represents 1 day. The sequence begins at Sep. 27.0. Because Toutatis rotates slowly and is moving rapidly on the sky during this time, the orbital contribution to the apparent rotation is quite significant. The sequence in (b) uses an inertial frame, and here all the orientational motion is due to the asteroid's intrinsic rotation. At the initial epoch, the lines of sight in (a) and (b) are identical; differences between later corresponding frames of (a) and (b) are due to the asteroid's POS motion (about 120 • during this time).
FIG. 2. Toutatis' orientation during its 2004 close approach
by a rendering of the HO95 shape model in the POS orientation predicted for the image's midpoint-epoch using the Table VII  spin state. Figure 2 illustrates our predictions for the orientation of Toutatis in inertial and geocentric frames during its very close approach in 2004. The uncertainty in these predictions can best be expressed in terms of the uncertainties in the components of the asteroid's rotation, which is a combination of a slightly wobbling rotation about the long principal axis every 5.367 ± 0.01 days and a uniform precession of that axis about the angular momentum vector every 7.420 ± 0.005 days. The latter motion is what primarily determines the inertial orientation of the long axis, while the former motion primarily determines the orientation of the other two axes about the long axis. Propagation of current uncertainties in these periods to the 2004 close approach gives uncertainties of about 90
• in the phase of the long-axis within its precession pattern and about 180
• in the orientation of the shorter axes about the long axis.
SURFACE CHARACTERISTICS FROM DUAL-POLARIZATION RESULTS

Disc-Integrated Properties
Table VIII lists our single-date and experiment-average estimates of disc-integrated radar properties from the cw observations, including the SC/OC ratio µ C , the OC radar cross section σ OC , and the OC radar albedo, defined bŷ
The tabulated projected areas A proj use the spin state parameters in Table VII and the HO95 shape model. Toutatis' OC albedo depends on orientation, as expected for any nonspherical target with a limb-darkened angular backscattering law. The HO95 modeling showed Toutatis' limb-darkening to be slightly more than Lambertian (see below). Toutatis' mean OC albedo, 0.24, is several times that of the Moon. (A spherical object with the same scattering behavior as the HO95 model would have an albedo of 0.21, and that value probably is more suitable for comparison with other solar system targets.) As discussed below, radar reflectivity depends primarily on near-surface bulk density, but quantitative interpretation ofσ OC depends on the nature of the radar scattering. Toutatis' polarization signature constrains the scattering process and hence the surface characteristics, as follows. Single back-reflections from appropriately oriented, smooth surface elements much larger than the wavelength would give µ C = 0. Multiple scattering generally gives µ C ∼ 1. For example, Liou and Schotland (1971) showed that the linear polarization ratio µ L = OL/SL, which generally is much less than µ C , is about 0.8 for twice-scattered radiation from irregular particles with size parameter (X = circumference/λ) of order unity. Single scattering from nonspherical particles with X comparable to or larger than unity (or from rough surface elements) gives intermediate µ C , with the value depending on particle shape, orientation, electrical properties, and surface structure (especially the presence of curvature radii ≤λ). The singly scattered echo from the extreme case of randomly oriented dipoles would have µ L = 1/3 and µ C = 1 (Long 1965) . Empirical studies (Sassen 1974 , 1975 , McNeil and Carswell 1975 , Pal and Carswell 1977 ) and theoretical studies (Cuzzi and Pollack 1978) indicate that irregularly shaped rocks give µ L > 0.3; again, µ C would be much higher.
FIG. 2-Continued
Toutatis' mean circular polarization ratio, 0.29 ± 0.01, is close to the average value for NEAs: the 29 objects with ratios listed by Ostro et al. (1991a) have a mean and rms dispersion of 0.30 ± 0.22. On the other hand, the corresponding numbers for mainbelt asteroids (MBAs) are half as large, and almost all radardetected MBAs have µ C ≤ 0.3.
Observations of the Moon, Mercury, Venus, and most of Mars except for Tharsis and Elysium give disc-integrated µ C ≤ 0.1 (Harmon and Ostro 1985 and references therein) , that is, much lower than Toutatis' value. However, this sort of comparison can be misleading, because those objects backscatter much more specularly than Toutatis, producing a very bright OC echo at the center of the target disc. This quasi-specular OC glare, due to back-reflections from smooth, gently sloped surface elements, is superposed on a weaker, diffuse component that contains both OC and SC power and obeys a scattering law (dσ/d A, with d A an element of surface area) that has a cos n θ dependence with n typically between 1 and 1.5 (Stacy 1993 , Ostro 1993 . Diffuse scattering dominates close to the limbs, where most values of µ C measured for the Moon and inner planets are between 0.3 and 0.6 (Stacy et al. 1997, Harmon and Ostro 1985 and references therein) , that is, comparable to or higher than Toutatis' value.
Proportions of Echo Components with Different Polarization Ratios
Let us examine how Toutatis' µ C constrains the relative contributions from multiple scattering (we assume µ C = 1), singlescattering from smooth surface elements (we assume µ C = 0), and scattering from irregular particles (intermediate µ C ). The time-averaged polarization state of a narrowband signal is conveniently described by its four-element Stokes vector (e.g., Guenther 1990 ). When several echo components having no permanent phase relation between them are combined, the Stokes vector for the mixture is the sum of the components' respective Stokes vectors (Chandrasekhar 1960) . Two of the Stokes vector's elements deal with linear polarization and are irrelevant to this discussion, so we ignore them and use a two-element Stokes vector. When normalized to the total echo power, the first element is unity and the second element is (µ C − 1)/(µ C + 1). Suppose that the jth echo component has circular polarization ratio µ j and contributes a fraction F j of the power, so its two-element Stokes vector S j has elements 1, (µ j −1)/(µ j +1). Then the twoelement Stokes vector for the sum of three components will be
and the net µ C will be
where all summations are from 1 to 3. We consider the net polarization ratio µ NET for contributions from three components with µ C equal to 1, 0, and µ 3 . Figure 3 plots contours of constant µ NET on a ternary diagram. At each point in the diagram, F 1 + F 2 + F 3 = 1. F j is unity at the vertex labeled µ C = µ j and zero on the opposite side. Contours of constant F j are parallel to that side. The solid lines are contours of µ NET = 0.29 and are plotted for µ 3 equal to 0.3, 0.5, and 0.7. If F 3 = 0 (the left side of the triangle), the µ C = 1 component and the µ C = 0 component contribute 45 and 55% of the echo power, respectively; these are the maximum percentages of the echo power that can be due to multiple scattering or smoothsurface backreflections, respectively. The percentages of echo from those components decrease as the percentage of echo with µ 3 increases. The bottom of the triangle gives the trade-off between percentages of the µ C = 0 and µ C = µ 3 echo if there is no µ C = 1 echo.The field of possibilities in this figure is constrained by the radar data as follows.
Dual-Polarization Images
Interesting aspects of Toutatis' radar signature can be seen in polarization ratio images formed from simultaneously acquired, high-resolution SC and OC images on Nov. 30 and Dec. 1 (Fig. 4) . Apart from their several-fold difference in strength, the SC and OC images look similar. The ratio is very uniform over each image, and nearly all pixels have values between 0.2 and 0.4. In contrast with the abundance of µ C features evident in delay-Doppler and Doppler-only images of the terrestrial radar targets [e.g., the high-µ C signatures of some lunar crater walls and ejecta blankets (Stacy 1993 , Thompson et al. 1981 and very high-µ C regions on Mars (Harmon and Ostro 1985) and Venus (Haldemann et al. 1997) ], evidence for localized µ C anomalies on Toutatis is lacking. However, note the clustering of lower values at some of the echoes' leading edges. We understand this characteristic as due to OC echo from smooth facets that face the radar preferentially where the mean surface is normal to the line of sight. (Note from Fig. 1 that there is a lot of "flat" radar-facing surface area on those dates.) The decrease in µ C at echo leading edges is very subtle, especially in comparison to the signatures of the inner planets noted above. Toutatis' smooth-surface component probably has relatively less exposure or is relatively unreflective compared to other structural components, or both.
Additional evidence for a smooth-surface component is provided by estimates of Toutatis' OC and SC scattering laws based on the HO95 shape model, the disc-integrated results in Table VIII , and the OC and SC images reported here. The scattering law is homogeneous and varies as cos n θ, with n OC = 3.0 ± 0.5 and n SC = 2.5 ± 0.5. That is, the limb-darkening appears to be slightly greater in the OC polarization, as would be expected if some of the OC echo is due to single backreflections from smooth surface elements.
Radar Penetration Depth
To what degree might our radar echoes be probing Toutatis' subsurface? The one-way 1/e power absorption length is (e.g., Hapke 1993)
or, provided that tan δ 1,
where the complex dielectric constant is
FIG. 4. Sums of simultaneously acquired SC and OC images from the indicated files, along with ratio images obtained by calculating µ C = SC/OC for each pixel containing both SC and OC echo power no less than a particular threshold. Each SC and OC image is the sum of between 60 and 127 looks (Table III) , so the noise statistics are almost Gaussian, and the 1-σ error interval for any pixel's µ C is given by Fieller's Theorem (Finney 1964) . The fractional standard error in the ratio for any given pixel with a nonzero value is approximately the reciprocal of the threshold, which was either 5 or 10 standard deviations (sigma), as indicated. The 5-σ -threshold images are shown twice, with two different color maps: the "red" map shows that almost all pixels have µ C between 0.2 and 0.4, and the yellow-blue map lets the lowest-µ C pixels be identified. Except for file 33605 (right-hand column), the entire 1996 experiment used transmission of right circular polarization (RCP) and reception of LCP, RCP in channels 1,2. File 33605 used the same receiver configuration but LCP transmission. Our intention was to check for any systematic errors associated with such a change, although our understanding of the system is that there should be no such systematic errors. During acquisition of file 33605, we had to restart the data-acquisition system several times and noted diagonal lines across the real-time display, but we do not expect those problems to have affected the recorded data. Yet we are concerned that the SC/OC pattern in file 33605 does not match those in files 33603 and 33604. On the other hand, it is plausible that SC/OC for some portions of the surface might differ for LCP and RCP transmissions. Extensive dual-polarization imaging in 2000 and 2004 is needed to establish Toutatis' global SC/OC signature more thoroughly. and the loss tangent is
Howell et al. (1994) find that Toutatis' S-class spectral signature appears to be consistent with the Gaffey et al. (1993) subclasses II, III, or IV, whose meteorite analogs include pallasites, L chondrites, H chondrites, and ureilites. Those rocks have diverse metal concentrations (and hence diverse electrical properties), and their solid-rock densities d range from about 3.5 g cm −3 for ordinary chondrites to 4.9 g cm −3 for stony irons (Ostro et al. 1991b and references therein) . Ureilites contain no more than a few weight percent of free metal (Dodd 1981) , so in this sense they compare with very metal-poor ordinary chondrites.
Campbell and Ulrichs (1969) measured the electrical properties of solid and powdered terrestrial rocks and meteorites, including two H chondrites and three L6 chondrites. They found 450-MHz values of (K r , tan δ) ranging from (8, 0.015) to (81, 0.19) , that is, values of L from 4 to 0.1 wavelengths, for their solid meteorites. They did not report 35-GHz results for the meteorites, but they did find that values of L at 35 GHz mimic those at 450 MHz for their solid terrestrial samples.
The absorption lengths for unconsolidated particulate mixtures are longer than for solid rocks. Garvin et al. (1985) evaluated empirical relationships (e.g., Olhoeft and Strangway 1975) between radar-frequency values of K r and bulk density
, where p is porosity, for diverse naturally occurring terrestrial (metal-free) rocks and adopted:
Empirical relationships for tan δ include the Olhoeft and Strangway (1975) equation: log 10 (tan δ) = 0.440d bulk − 2.943.
Estimates of the porosity of lunar soils (Carrier et al. 1973 , Mitchell et al. 1974 ) range from 0.3 to 0.7, but nearly all fall between 0.35 and 0.55, in agreement with theoretical and empirical investigations of particle-packing phenomena (e.g., Gray 1968 , Powell 1980 . The average porosity for the top 30 cm of lunar soil is 0.49 (Heiken et al. 1991, Table 9.5) . With that porosity and the typical solid-rock densities of ordinary chondrites and stony irons noted above, the above equations yield values of (K r , tan δ) ranging from (3, 0.0067) to (4.6, 0.014), that is, values of L from 14 to 5 wavelengths. However, metallic phases in concentrations seen in H chondrites and stony irons can produce loss tangents in powdered mixtures that are several times higher than those predicted by Eq. (10) (unpublished results of measurements performed by G. R. Olhoeft at USGS and W. Westphal of MIT on powdered mixtures of silica and stainless steel; see also Kelly et al. 1953) , reducing L to two to three wavelengths.
These considerations suggest that our 3.5-cm echoes' penetration depth is no more than a few decimeters and possibly no more than a few centimeters. Additionally, Simpson (1976) showed that the effective penetration depth can be reduced dramatically if the subsurface density gradient matches the regolith's impedance to that of free space, or if it contains stratifications with lossy layers that create certain resonance effects. We conclude that multiple scattering from buried rocks probably does not make a significant contribution to Toutatis' echoes.
Surface Rocks
Single scattering from rocks on, or very near, the surface therefore is the leading candidate for the primary source of Toutatis' SC echo as well as an indeterminate, but possibly substantial, part of the OC echo. Infrared and optical data support the idea that Toutatis is moderately rough at "all" scales. Howell et al. (1994) modeled the thermal contribution to Toutatis' 3-to-3.5-µm flux and concluded that a rocky surface with some thermal inertia offered the best fits. The Hudson and Ostro (1998) analysis of optical lightcurves presented by Spencer et al. (1995) yielded a value of 32 ± 8
• for Hapke's macroscopic roughness parameterθ , which is an integral property over all scales up to the resolution limit of the photometric data (Helfenstein 1988) . In the HO95 analysis, structural scales up to ∼100 m are accounted for by the shape model itself, so the large value ofθ applies to several-decameter scales and below. Interpretation of Toutatis' OC scattering law (Section 5.3) in terms of the slope distribution of smooth facets would imply rms slopes of 39 ± 3
• within our unresolved, decameter-scale pixels, consistent with theθ estimate. (Note, however, that the OC scattering law is a composite of effects from all contributors of OC echo. Since a diffuse component from rock echoes might have a lower value of n, that slope value might be an overestimate.)
Numerous studies have tried to relate the diffuse component of lunar and planetary radar echoes to near-surface rock populations (e.g., Pollack and Whitehill 1972 , Calvin et al. 1988 , Harmon and Ostro 1985 . Baron et al. (1998) used estimates of Viking lander site rock populations to model the SC albedo due to single scattering from surface, partially buried, and completely buried rocks of various shapes. They compared their results to the equivalent full-disk SC albedo for the Viking lander sites (0.01 to 0.03; Harmon 1997) and concluded that surface rocks contribute more than buried rocks to diffuse echoes from areas surrounding the landing sites. Their modeling indicates that surface-rock backscattering laws can be complex, often peaking at oblique angles of incidence. This effect may help to explain the relative abundance of higher-µ C pixels near the trailing edges of the images in Fig. 4 .
Toutatis' SC albedo, 0.07, is several times the values estimated for the Viking and Pathfinder lander sites (0.01 to 0.03; Harmon 1997), consistent with Toutatis having a greater surface coverage by rocks that are both rough and reflective.
Toutatis' µ C is slightly lower than the value (about 0.4) for the diffuse component of the echo from the Mars lander sites, but this might be due to Toutatis' smooth-surface component having much steeper slopes than its counterpart on Mars, letting it contribute OC echo over a larger range of incidence angles.
A first-order estimate of the fraction C of Toutatis' surface that is covered by wavelength-and-larger rocks follows from the following simplifying assumptions: (A) Multiple scattering is negligible and the echo is the sum of contributions from the smooth surface (µ C = 0) and rocks (µ C = µ 3 ); this domain is at the bottom of the triangle in Fig. 3. (B) Each component contributes power in proportion to its areal coverage and its radar reflectivity R.
(C) Rocks have solid-rock density d, porosity p = 0, and bulk density d bulk = d, whereas the smooth-surface component has porosity p > 0 and bulk density
(D) Radar reflectivity R is related to bulk density d bulk via the following empirical relation (Garvin et al. 1985) :
(E) The radar albedo in any given polarization is the product of R and a backscatter gain factor g that contains effects of surface structure and target shape and orientation. [Whereas g would be unity for a smooth sphere, it would be slightly larger for a sphere whose surface is rough at virtually any scale(s) not much smaller than the wavelength. Toutatis' irregular shape makes g dependent on orientation, but we will work with the average disc-integrated properties in Table VIII , and we wish to average g over all observed orientations of the asteroid. A sphere with a cos n θ scattering law would have g = (n + 2)/(n + 1). Our estimates of Toutatis' OC and SC scattering law exponents (Section 5.3) correspond to values of g within 0.05 of 1.27.] Then the contribution to the OC albedo from the smooth surface isσ
The contribution to the OC albedo from rocks iŝ
The total OC albedo iŝ
The entire SC albedo is from rocks, sô
The net circular polarization ratio is
Two expressions for rock coverage follow-one from Eq. (16),
and one from Eq. (15),
We stress that this admittedly simplistic approach is intended to provide first-order constraints on physical parameters. In this context, let us first examine the validity of applying Eq. (18) to the diffuse component of (13-cm) radar echoes from the Mars Viking Lander sites, for which we have estimates ofσ SC that range from 0.0115 to 0.0316 (Harmon 1997 ; tabulated by Baron et al. 1998) as well as estimates of C that range from 0.14 to 0.188 (Moore et al. 1979 (Moore et al. , 1987 Moore and Jakosky 1989) . Estimates of the scattering law exponent for Mars SC echoes typically range from about 1.0 (Harmon and Ostro 1985) to about 2.0 (Harmon et al. 1992) , corresponding to values of g from 1.3 to 1.5. In keeping with the discussion in Section 5.1, let us assume that µ 3 = 0.5. Then Eq. (18) predicts a rock density between 2.3 and 5.7 g cm −3 , an interval that encompasses the Christensen and Moore (1992) estimate, 2.6 g cm −3 , of the density of rocks at the Viking sites.
For Toutatis, we combine Eqs. (17) and (18) to estimate rock coverage and the smooth surface component's porosity for typical densities of ordinary chondrites (3.5 g cm −3 ) and stony irons (4.9 g cm −3 ), using µ NET = 0.29 and µ 3 = 0.5. Figure 5 plots C 1 and C 2 for g = 1.27 andσ OC = 0.21, which is the OC albedo of a sphere with Toutatis' model scattering properties. The curves' intersection defines C and p for both solid-rock densities: C = 58% and p = 21% for d = 3.5 g cm −3 , and C = 35% and p = 56% for d = 4.9 g cm −3 . To demonstrate the sensitivity to those parameters, we list in Table IX the joint solutions for C and p for all four combinations of g = 1.0 and 1.3, and σ OC = 0.21 and 0.24. Note that among these four combinations, the choice of g = 1.3 andσ OC = 0.21 minimizes C and maximizes p.
Toutatis' average reflectivity, R = 0.21/1.27 = 0.165, is more than twice the Moon's value (∼0.07 at wavelengths between 1 and 23 cm (Pettengill 1978) ) and also more than the Venus's average value (0.13 at 17 cm), which Garvin et al. (1985) interpret to indicate a surface dominated by rocks and/or bedrock. Toutatis' high radar albedo naturally is easier to satisfy with high surface bulk density, but the modest polarization ratio restricts the coverage by rocks, whose µ C = µ 3 ∼ = 0.5 is higher than Toutatis' value, µ C = µ NET = 0.29; consequently a high bulk density can be achieved only by reducing the porosity of the smooth surface component. For d = 3.5 g cm −3 , our calculations lead to the conclusion that the smooth surface component cannot be porous. On the other hand, for d = 4.9 g cm −3 , a smooth-surface FIG. 5. Porosity and rock coverage for solid-rock density d equal to 3.5 g cm −3 (thin curves) and 4.9 g cm −3 (thick curves). For each value of d, the porosity ( p) of Toutatis' smooth surface component is defined by the intersection (arrow) of the two expressions for rock coverage in the text: C 1 (solid curve) from Eq. (17) and C 2 (dashed curve) from Eq. (18). These curves, which used µ NET = 0.29, µ 3 = 0.5, g = 1.27, andσ OC = 0.21, yield C = 58% and p = 21% for d = 3.5 g cm −3 , and C = 35% and p = 56% for d = 4.9 g cm −3 . Table IX gives results for other values of g andσ OC .
component with porosity like that of lunar soil can satisfy the observations. Therefore, if Toutatis is a stony-iron analog, then the smooth surface component probably is regolith that is at least several σ OC g = 1.00 g = 1.27 g = 1.00 g = 1.27
0.24
Note. Estimates of the porosity, p, of Toutatis' smooth surface component and the rock coverage C are defined by Eqs. (17) and (18) for the listed values of solid-rock density d and backscatter gain g. Where " p < 0" is written, equating Eqs. (17) and (18) with the indicated parameters yields a (nonphysical) negative porosity.
centimeters thick (see Section 5.4) and 1/3 covered by rocks. If Toutatis is an ordinary-chondrite analog, then the smooth surface component probably is essentially solid and at least half covered by rocks. For the smooth surface component to look solid to the radar, any overlying regolith probably cannot be much more than 1 cm thick. Of course, Toutatis' mineralogy is not necessarily represented in our meteorite sample, and solid-rock densities between (or beyond) the extreme values considered here are plausible. Nonetheless, for this asteroid, our results directly couple hypotheses about mineralogy to hypotheses about regolith generation and retention.
